Localized electron heating produced by electron cyclotron resonant heating (ECRH) system has been proven to be powerful tools for controlling sawtooth instabilities, because such system allows to directly modify the local plasma parameters that determine the evolution of sawtooth periods. In this paper, we present the experimental results carried out on experimental advanced superconducting tokamak (EAST) with regard to sawtooth period control via ECRH. The electron cyclotron heating system on EAST was capable of inject electron cyclotron wave toward certain locations inside or outside q ¼ 1 magnetic surface on the poloidal cross section, which renders us able to investigate the evolution of sawtooth period against the ECRH deposition position. It is found that when ECRH deposition position is inside the q ¼ 1 surface, the sawtooth oscillation is destabilized (characterized by reduced sawtooth period). So far, inside the q ¼ 1 surface, there are not enough EAST experiment data that can reveal more detailed information about the relation between ECRH deposition position and sawtooth period. When ECRH deposition is outside the q ¼ 1 surface, the sawtooth oscillation is stabilized (characterized by prolonged sawtooth period), and the sawtooth periods gradually decrease as ECRH deposition position sweeps away from q ¼ 1 surface. The sawtooth periods reach maximum when ECRH deposition position falls around q ¼ 1 surface. The magnetic shear at q ¼ 1 surface is calculated to offer insights for the temporal evolution of sawtooth. The result has been found consistent with the Porcelli model. Published by AIP Publishing.
I. INTRODUCTION
Sawtooth oscillation, 1 characterized by periodic relaxations of the plasma temperature, density, and other plasma parameters in the central region of a tokamak plasma, was first observed on Sphere Torus tokamak on soft-X ray (SXR) diagnostic signal in 1974. Since then, it has been observed on almost all the large tokamaks. The sawtooth cycle consists of a quiescent period, during which the plasma density and the temperature increase, therefore creating a peaked density and temperature profile. Then, it is followed by a rapid drop (sawtooth crash), which is usually thought to be triggered by destabilization of an internal kink mode with poloidal number m ¼ 1 and toroidal number n ¼ 1.
Sawtooth activity plays an important role in determining plasma profiles and plasma performance. In particular, it has been shown that long sawtooth periods can have undesirable consequences, such as the creation of seed magnetic island capable of triggering neoclassical tearing modes (NTMs). 2, 3 The NTMs can seriously degrade plasma confinement and sometimes even cause disruption. JET experiment has confirmed that the stabilizing effects of fusion-born energetic a particles would result in monster sawtooth, which is loosely defined as sawtooth with periods longer than the energy confinement time. 4 Consequently, in recent years, great many efforts have been made to deliberately destabilize sawtooth, yet it remains an important unsolved issue for the future ITER operations. In addition, the sawtooth activity has been found to facilitate the removal of impurities from the plasma core region, which is highly desirable effects considering the presence of helium ashes in the future burning plasma. Therefore, the objective of sawtooth control experiment is to identify various methods to destabilize sawtooth in an attempt to avoid seeding NTMs whilst keeping the benefits of small, frequent sawtooth to remove core impurity accumulation. Among the possible auxiliary plasma heating systems, localized electron cyclotron resonant heating (ECRH) and current drive (ECCD) have been proven particularly effective for this purpose. Localized ECRH/ECCD makes it possible to directly modify local plasma profiles such as the plasma current profile and consequently safety factor q profile. These profiles play an important role in the sawtooth behavior. [5] [6] [7] [8] [9] [10] According to a widely accepted sawtooth model proposed by Porcelli, 11 sawtooth crashes are triggered if magnetic shear s 1 ¼ r 1 dq/dr at the q ¼ 1 surface exceeds a certain critical value s 1,crit , where s 1,crit , defined at the same q ¼ 1 magnetic surface, is determined by ion/electron temperature, ion Larmor radius, electron/ion diamagnetic frequencies, and the collisionality regime. By changing the poloidal and toroidal injection angle of ECRH system within one single shot or between different shots, we can modify a) Email: lqxu@ipp.cas.cn the ECRH deposition position. Therefore, the relation between the sawtooth periods and the heat deposition position can be investigated. A long pulse ECRH system has been installed and successfully operating in 2015 spring campaign, which allows to conduct such experiments on experimental advanced superconducting tokamak (EAST).
The primary goal of this paper is to present the recent experimental results on EAST to corroborate the validity of using ECRH for sawtooth control. The rest of the paper is organized as follows: various profiles, their evolution, and a model of sawtooth crash are presented in Section II, experimental setup is presented in Section III, the experimental results and discussion are presented in Section IV, and the conclusion is presented in Section V.
II. SAWTOOTH PHYSICS UNDER LOCALIZED ECRH
A. Localized heating effect of ECRH 10 ms after ECRH is injected into the plasma, and the localized heating effect of electron cyclotron wave is clearly demonstrated in the electron temperature profiles from electron cyclotron emission (ECE) diagnostic data (shot 54424, Fig. 1(a) ). The electron temperature variation profile is then mapped at Normalized poloidal flux coordinate q. It is found that the peaked temperature variation profile matches very well with the ECRH power deposition profile calculated by Toray ray-tracing code (see Fig. 1(b) ).
Local temperature rise would decrease plasma resistivity (g $ T À 3 2 ) causing current density profile to change. Disturbed current density profile j(r) consequently means a disturbed plasma current profile I(r), which would lead to a perturbed safety factor profile qðrÞ ¼ 2pr 2 B /0 l 0 RIðrÞ . The perturbed safety profile changes magnetic shear s 1 ¼ r 1 dq/dr at q ¼ 1 surface (see Fig. 1(c) ).
Here, sawtooth inversion radius is approximately regarded as the q ¼ 1 surface. It is determined by using ECE diagnostic or Soft-X ray (SXR) diagnostic data. The safety factor q profile is calculated from Equilibrium FITting algorithm (EFIT) using magnetic probe data and the previously mentioned q ¼ 1 surface as a condition for convergence. Normalized poloidal flux coordinate q is defined as q ¼ ffiffiffiffi W p , where W is the poloidal flux.
B. Model of sawtooth period
According to the sawtooth model first proposed by Porcelli et al. 11 and then modified in Tokamak a Configuration Variable (TCV) experiments, 8 the triggering condition of 1/1 internal kink mode that induces sawtooth crash can be written in the form
Here, s 1,crit , the critical shear at q ¼ 1 surface, is given by the different expressions depending on whether the internal kink mode becomes unstable in the resistive or ion-kinetic regime. 8 Using the safety factor profile provided by EFIT, two series of magnetic shear at q ¼ 1 surface is calculated at shot 54424. One at a time interval of 0.1 s (3.300 s, 3.400 s, and 3.500 s), and the other with a much shorter time scale (3.585 s, 3.595 s, 3.605 s, 3.610 s, and 3.615 s). Note that time points 3.585 s, 3.595 s, 3.605 s, 3.610 s, and 3.615 s are within a sawtooth period. ECRH was injected after 3.55 s (see Fig. 2 ).
Comparing magnetic shear before and after ECRH injection, it is obvious that magnetic shear is lower during ECRH phase. Within a sawtooth period (3.585 s, 3.595 s, 3.605 s, 3.610 s, and 3.615 s), it is found that the magnetic shear s 1 first gradually increases (3.585 s, 3.595 s, and 3.605 s) until it reaches a certain maximum value at about 3.610 s and then it drops at 3.615 s. The result is consistent with the Porcelli model.
III. EXPERIMENTAL SET-UP
The experimental advanced superconducting tokamak (EAST) 12 is the first full superconducting tokamak with advanced configuration in the world. Its purpose is to explore To obtain high performance plasma in EAST, some auxiliary heating and current drive methods have been developed, including electron cyclotron resonant heating (ECRH) and neutral beam injection (NBI) system. There are many diagnostics on EAST to extract basic plasma parameters, such as electron temperature, electron density, and current density profile.
The main diagnostics involved in analyzing the magnetohydrodynamic (MHD) instabilities in this article is soft X-ray (SXR) imaging diagnostic and Mirnov coils. The high spatial and temporal resolution soft X-ray (SXR) imaging diagnostic, with two up-down symmetrical horizontal arrays and one vertical array, can be used to observe MHD instabilities on the poloidal cross-section. Mirnov coils mounted poloidally and toroidally can give the mode number of the MHD instability.
In this paper, all the discharges involved are heated by NBI and ECRH. EC wave is overlaid on NBI in order to investigate the effects of ECRH on sawtooth period, while using NBI as background. The long pulse ECRH system on EAST has been successfully installed and first EC wave has been injected into plasma during the 2015 spring campaign. The system is designed to have four 140 GHz gyrotron systems. 900 kW 10 s, 800 kW 95 s, and 650 kW 753 s have been demonstrated successfully on the No. 1 gyrotron system. When it reaches its full capacity, each gyrotron is expected to deliver a maximum power of 1 MW and be operated at 100 s-1000 s pulse lengths. The RF power transmitted through four evacuated corrugated waveguides will be injected into plasma from the low field side. A launcher with four independent channels was developed for EAST, with the four channels designed in a symmetrical arrangement relative to equatorial plain as well as the M port of EAST. Each channel uses a fixed focus mirror and a steering plain mirror, and a section of stainless steel waveguide is adopted to transmit millimeter waves to the focus mirror in vacuum of EAST. The launcher parameters were designed as follows: the poloidal sweep range is 65 -95 , and the toroidal range is 165 -205 . In addition, the definition of the poloidal angle h and toroidal angle / is consistent with the corresponding angles defined in TORAY ray tracing code (see Fig. 3 for toroidal angel / and poloidal angle h, respectively). Therefore, the system allows us to change these injection angles between different plasma discharges to investigate the effects of different ECRH deposition positions on sawtooth periods. In this paper, we use TORAY ray tracing code to specify the heat deposition of ECRH. The TORAY ray tracing code computes contributions to electron cyclotron heating (ECH) and RF current-drive (ECCD) sources. To run TORAY ray tracing code, we need electron temperature profile, electron density profile provided by Thompson scattering diagnostic, EC wave injection angle h, /, and equilibrium EQDSK file generated from Equilibrium FITting algorithm (EFIT). 13 The reference plasma discharge (see Fig. 4 ) has the following parameters: LSN, I p ¼ 500 kA, B t ¼ 2.3 T, lineaveraged density n el ¼ 2.0 Â 10 19 m À3 , and q 95 ¼ 4.840. For shots 54401-54411, the ECRH pulses last 1 s. For shots 54420-54428, the ECRH pulses last 0.2 s. The injection power of EC wave is 420 kW. The NBI power is 2 MW.
IV. RESULTS AND DISCUSSION
In the 2015 spring campaign, multiple sawtooth discharges have been acquired by sweeping the poloidal injection angle h between different shots while retaining the toroidal injection angle / relatively stable. The results shows that sawtooth demonstrates different behaviors with regard to the ECRH deposition position against q ¼ 1 surface.
A. ECRH deposition inside q 5 1 surface
For the scenario where ECRH is injected inside the q ¼ 1 surface, the toroidal angle / was kept at 180 -200 , while the poloidal angle h sweeps from 70 to 80 . During the experiment, only a few such shots prove useful for our purpose (shots 54426 and 55001). For shot 54426, poloidal angle h is 75 and toroidal angle / is 180 . For shot 55001, poloidal angle h is 80 and toroidal angle / is 200 . In these shots, sawtooth was destabilized (characterized by reduced sawtooth period) after ECRH injection (Figs. 5 and 6 ). So far, there are not enough EAST experiment data that can reveal more detailed information about the relation between ECRH deposition position and sawtooth period inside the q ¼ 1 surface. The relation will be investigated in the future EAST sawtooth experiments.
B. ECRH deposition outside q 5 1 surface
For shots 54402, 54404, 54405, and 54406, the toroidal angle was kept at 180 , while the poloidal angle sweeps from 70 to 93 . The ECRH deposition position lies outside q ¼ 1 surface. The sawtooth periods are very sensitive to ECRH, as shown in Fig. 7 .
For the scenario where ECRH is injected outside the q ¼ 1 surface (Fig. 7 , shot 54405), sawtooth is stabilized (characterized by the prolonged sawtooth period). In addition, by investigating between different shots, it is found that the sawtooth periods reach maximum when the ECRH deposition position falls around q ¼ 1 surface and then gradually diminish as ECRH deposition position sweeps away from q ¼ 1 surface (Fig. 8) .
V. CONCLUSION
The effects of localized ECRH on the sawtooth period have been explored with a sequence of discharges on EAST during the 2015 spring campaign. By changing the injection angle of EC wave launcher, both toroidal angle / and poloidal angle h, respectively, between different discharges, the ECRH deposition is swept across the poloidal cross section. TORAY ray tracing code can calculate the corresponding heat deposition locations. The relation between heat deposition location and sawtooth period is then investigated. It is found that sawtooth periods demonstrate different behaviors depending on the heating location with regard to q ¼ 1 surface. Inside q ¼ 1 surface, the sawtooth period is decreased. Outside the q ¼ 1 surface, within a single discharge, sawtooth periods increase after ECRH. Comparing with different discharges, it is found that sawtooth periods gradually decrease as the heating location sweeps away from q ¼ 1 surface, yet they still increase with respect to pre-ECRH phase. Sawtooth periods reach maximum around q ¼ 1 surface.
These experimental results corroborate the validity of using ECRH for sawtooth control and provide useful references for the future ECRH sawtooth control experiments on EAST. To destablize sawtooth, the heating position should be localized inside q ¼ 1 magnetic surface. To achieve longer sawtooth periods for the benefit of facilitating the removal of core impurities, ECRH location should be closer to the q ¼ 1 magnetic surface from outside the q ¼ 1 surface . FIG. 8 . The x-coordinate is heat deposition position; the y-coordinate is sawtooth period; the shading area is where q ¼ 1 surface lies. As ECRH deposition gradually moves away from q ¼ 1 surface, the sawtooth period diminishes. Sawtooth period reaches its maximum at about q ¼ 1 surface.
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